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Abstract: A technique based on using optical fiber taper waveguides for
probing single emitters embedded in thin dielectric membranes is assessed
through numerical simulations. For an appropriate membrane geometry,
photoluminescence collection efficiencies in excess of 10 % are predicted,
exceeding the efficiency of standard free-space collection by an order of
magnitude. Our results indicate that these fiber taper waveguides offer
excellent prospects for performing efficient spectroscopy of single emitters
embedded in thin films, such as a single self-assembled quantum dot in a
semiconductor membrane.
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1. Introduction

The development of novel techniques for efficient detection and spectroscopy of individual
guantum emitters in the solid state is essential for an understanding of the emitter and its re-
lationship with the surrounding environment. Challenges involved with spectroscopy of such
systems include tight focusing requirements and separation of the signal of interest from back-
ground scattered light due to the host crystal. In recent years, tools such as high numerical
aperture objectives[1, 2, 3] and near-field scanning optical microscopy tips [4] have been used
for both efficient photoluminescence (PL) collection and resonant optical spectroscopy.

A related problem is optical spectroscopy of microphotonic resonators, where wavelength -
scale focusing and effective separation of the signal from background scattered light are also
necessary. The optical fiber taper waveguide isatool that has been investigated for such exper-
iments. These structures, sometimes referred to as silica nanofibers, are standard single mode
optical fibers that have been heated and stretched down to a wavel ength-scale minimum diam-
eter. At such small dimension, the evanescent field of the waveguide mode extends into the air
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cladding and can be used to interrogate surrounding structures. By conducting the tapering pro-
cess adiabatically and symmetrically, a double-ended device with standard single mode fiber
input and output can be produced, with a typical overal transmission loss of less than 10 %.
The combination of low loss, single mode guidance, and access to a wavelength-scale evanes-
cent field has made tapered fiber probes invaluable for a wide number of microcavity-based
experiments, including those in single atom and quantum dot cavity quantum electrodynam-
ics [5, 6, 7]. These properties also suggest that they can be effective tools for single emitter
spectroscopy. Indeed, theoretical work [8, 9] has indicated that silica nanofibers can be used to
efficiently collect fluorescence from single gas phase atoms, and experimental progress to this
end has been made [10].

The above studies indicate that optical fiber taper waveguides can be a general spectroscopic
tool for nanophotonic systems, providing motivation for the present work. Here, we study their
potential for efficient non-resonant and resonant fluorescence collection experiments on single
solid state emitters embedded in adielectric slab. Additional motivation is provided in previous
experimental work [11], where a fiber taper waveguide was used in non-resonant PL measure-
ments of a single InAs quantum dot embedded in a 256 nm thick GaAs membrane on top of
an Alg7Gag3As pedestal. There, a luminescence collection efficiency of ~ 0.1 % was esti-
mated based on the measured saturated photon count rates, neglecting possible radiation rate
modification due to the host structure, a non-resonant microdisk cavity, and any quantum dot
non-idealities. Important questions left unanswered include how close this efficiency wasto the
theoretical maximum for the particular geometry considered, and how the geometry may be
modified to lead to higher efficiencies. Furthermore, the possibility of studying resonant fluo-
rescence, not addressed in [11], should also be considered. As described in other recent works
[1, 2, 3, 4, 7, 12], resonant spectroscopy has advantages in comparison to non-resonant PL
measurements in terms of greatly improved spectral resolution, potentially improved temporal
resolution, the ability to avoid generation of decoherence-inducing excess carriers, well-defined
state preparation, and possible utility in quantum information processing experiments.

To address these points, we consider the spontaneous emission of a dipole embedded in a
semiconductor slab surrounded by air and in contact with a micron diameter silicaoptical fiber.
Specifically, we envision an experimental measurement setup as depicted in Fig. 1, where the
optical fiber taper waveguide is brought into close proximity with a thin semiconductor mem-
brane hosting a single quantum emitter. The fiber has been adiabatically tapered to reach the
single-mode condition over its central region (hundreds of microns long). The emitter may be
optically pumped through an external fiber-coupled source, and radiates in both directions into
the fiber, with atotal coupling efficiency np_ into the fundamental fiber mode (both backward
and forward directions). We perform full wave, 3D finite difference time domain (FDTD) elec-
tromagnetic simulations of asingle classical dipole radiating in the probing structure shown in
Figs. 1(b)-1(c), and obtain the fiber-collected power. We find that fiber collection efficienciesin
excess of =~ 12 %(30 %) may be achieved for dipole moments horizontally (vertically) oriented
with respect to the membrane plane, exceeding what may be achieved with standard free-space
optics PL collection schemes by an order of magnitude or more. These results suggest that op-
tical fiber taper waveguides are potentially quite valuable in future studies of single solid state
guantum emitters.

To determine ways of further improving collection efficiency, we analyze the dependence
of both the modified spontaneous emission rate and PL collection efficiency on the electro-
magnetic supermodes of the probing structure. The starting point of our analysisis [8], which
determines the modified spontaneous emission rate of a multi-level atom near a silica fiber.
Addition of the semiconductor slab is a non-trivial modification of this problem, requiring the
use of finite-element method (FEM) simulations to compute the guided and radiation modes
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Fig. 1. (a) Single emitter probing setup based on atapered fiber waveguide. (b) Detail of (a),
showing the membrane that carries the emitter. (c) Schematic of the substrate cross-section,
showing membrane and fiber.

of the composite slab-fiber system. These modes are used along with FDTD to determine the
individual supermode contributions to the spontaneous emission fiber coupling fraction np,
under the assumption that the embedded emitter can be approximated as atwo-level system.
The paper is organized as follows. In Section 2, we use FDTD to estimate the spontaneous
emission collection efficiency into an optical fiber for a single quantum dot embedded in a
semiconductor membrane, as shown in Fig. 1. The results of this section are analyzed in Sec-
tion 3in terms of the propagating supermodes of the probing structure. In Section 4, we further
discuss the physical interpretation of these results and consider how they change with fiber size
and if the host semiconductor membrane rests on a substrate (i.e., a non-undercut slab geome-
try). We also consider apair of specific configurations with improved collection efficiencies, for
which additional investigations are underway. Finally, we describe how resonant fluorescence
measurements can be performed through our fiber-based probing and collection scheme.

2. Fiber-based embedded single emitter photoluminescence collection

In this section, we analyze the photoluminescence (PL) collection from asingle emitter embed-
ded in a dielectric slab with the fiber taper probe setup illustrated in Fig. 1. For non-resonant
PL measurements, application of the fiber probe in the configuration of Fig. 2(a) is envisioned,
which provides fiber-confined paths for excitation and PL collection in both forward and back-
ward directions. As indicated in Fig. 1(b), the micron-scale single mode region of the optical
fiber waveguide is brought into close proximity with the top surface of a dielectric membrane
that hosts the emitter, over alength of several to hundreds of wavelengths. Fiber and membrane
together form the composite dielectric waveguide with cross-section shown in Fig. 1(c). The
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Fig. 2. (8) Envisioned experimental configuration for fiber-based non-resonant photolumi-
nescence (PL) spectroscopy with a tapered fiber waveguide. Emitted light is coupled into
both forward and backward channels of the fiber taper waveguide, and can be wavelength
resolved with a grating spectrometer or spectral filter. (b) Schematic of single emitter exci-
tation and PL collection viathe tapered fiber probe. A non-resonant pump signal isinjected
into the input fiber and converted into a guided supermode of the composite waveguide,
illuminating the slab-embedded dipole. The dipole radiates into guided and radiative su-
permodes, with rates T'g and Ty, respectively. Power is transferred with efficiency fg from
the supermode to the fiber mode and vice-versa.

composite waveguide supports a complete set of guided, leaky and radiation supermodes [13],
originating from the hybridization of fiber and slab modes. As depicted in Fig. 2(b), part of
the non-resonant pump power initially carried by the fiber is coupled to a guided supermode of
the composite waveguide and transferred toward the emitter. Illuminated by the pump light, the
emitter radiates (at ared-shifted wavelength) into modes of the composite fiber-slab waveguide.
Our objective isto determine the fraction of this emission that would be measured at the single
mode fiber output, after the micron-scale fiber has transitioned away from the slab. The portion
of the total emission collected by the fiber is carried by those supermodes with sufficient trans-
verse confinement to reach the fiber transition regions with significant amplitude. Thus, apart
from guided modes, leaky modes may contribute significantly to the total PL collection.
Within this scenario, we estimate the spontaneous emission collection efficiency for a sin-
gle emitter in a geometry that approximates the tapered-fiber-based quantum dot spectroscopy
setup of [11]. In that work, PL spectroscopy of single self-assembled InAs quantum dots em-
bedded in a non-resonant 256 nm thick GaAs microdisk was demonstrated, with an estimated
collection efficiency of 0.1 % (including both channels of the optical fiber). Our numerical
estimate here is obtained through full electromagnetic simulations of a point dipole radiating
inside the composite waveguide of Fig. 1(c). The geometry consists of a dielectric slab of index
Ngap = 3.406, and fiber of radius r = 500nm and refractive index nsper = 1.45 placed directly
on the top surface of the dab. The dipole is assumed to radiate at A = 1.3um, awavelength at
which the fiber possesses, apart from the fundamental guided mode, a near-cutoff mode which
is not significant in our calculations. Slab membranes of thicknesses varying between 100nm
and 260nm were investigated, sufficient to avoid quantum dot dephasing due to surface-state-
related processes, as suggested in [14]. In Section 4, we consider how these results change when
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r is decreased to 300 nm and when the slab membrane is placed directly on a substrate.

2.1. Smulation Method

To estimate the PL collection efficiency of our fiber-based probing scheme, we considered a
single classical electric dipole radiating in the composite dielectric waveguide of Fig. 1(c). An
upper bound for the percentage of the total emitted power Pro. coupled to the fundamental
optical fiber mode at an arbitrary position zaong the guideis

P,
=2—"ffivers 1
NpL Proc fiber )
where P, is the power flowing normally through the constant-z plane, and ffiper IS the overlap
integral [15]

Re{_[[s(ef x h*) - 2dS [fs(ex h%) 2ds}
Re{ffs(ef x ). 2ds} Re{[fs(ex h)-2dS}

Here, {e h} arethe steady-state radiated fields at position zand {ef, hy } the fundamental fiber
mode fields. The factor of 2 in EQ. (1) isintroduced to account for collection from both fiber
ends.

The steady-state fields were obtained through FDTD simulations [16]. The symmetry of
the geometry allowed us to choose either anti-symmetric (X x E = 0) or symmetric (X x H =
0) boundary conditions on the yz-plane, the former being used for x-polarized dipoles, and
the latter for y- and z-polarized dipoles. The computational domain was cubic with a10 um
side and perfectly-matched layers (PMLs) were used around the domain limits to simulate an
open domain. Dipole excitation consisted of a A = 1.3um carrier modulated with a 0.1nm
bandwidth gaussian envelope. Simulations ran until no field amplitude could be detected in
the domain. The total radiated power Pro. was calculated by adding the integrated steady-
state power through all the computational window sides. The PL collection efficiency np. was
calculated at several z-planes along the propagation direction (2) in the computational domain.

@

friber =

2.2.  Smulation Results
2.2.1. Total radiated power

Figure 3(a) shows the FDTD-calculated, total radiated power (Prt) for x-, y- and z-oriented
dipoles located at the slab center in the structure of Fig. 1(c). The curves were normalized
to the total radiated power of an electric dipole current source J(r,t) = —iopd(r)e '™ ina
homogeneous diel ectric medium of refractive index ngg, and electric dipole moment p [17]:

4
= %;nsiablp\Z%- ®d)

The total radiated power is not significantly different when the fiber is absent. This is ev-
ident in Fig. 3(b), where the power radiated by vertical or horizontal dipoles into modes of
an isolated dlab are plotted. These curves were calculated using the transfer-matrix method
of [18]. Transverse-electric waves (TE) have electric field components in the slab plane only,
while transverse-magnetic (TM) modes have only in-plane magnetic field components. As a
result, avertical (y-directed) dipole excites only TM waves, while horizontal (x- and z-directed)
dipoles can excite both TE and TM waves [18], although as we see in Fig. 3(b), the TE mode
excitation is much more significant. The similarity between the total radiated power curves
for the slab with or without the fiber indicates its weak perturbative effect on the emission,
so we first proceed by analyzing the isolated slab. Figure 4(a) displays the effective indices

I:1'|0Ff'l.
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Fig. 3. (a) Tota radiated power at A = 1.3um for a dipole in the composite slab-fiber
waveguide, normalized to the radiated power in a homogeneous medium of index nggp.
(b) Guided and total radiated powers into TE (TM) waves for a horizonta (vertical and
horizontal) dipole at the center of adielectric dab with ngy, = 3.406.

of the TEg, TE; and TMg modes, for varying slab thickness. The evolution of the field con-
centration at the dipole for both TE and TM modes may be inferred from the effective length,
Left = [ €|E|?dy/|E(ro)|, where rg is the dipole position, plotted in Fig. 4(b). The effective
length isinversely proportional to the dipole power coupled to the mode [19, 20].

Given the large refractive index of the slab relative to air, total internal reflection leads to
preferential dipole excitation of guided waves. Thisis verified in the curvesfor guided and total
radiated powersin Fig. 3(b) [18]. For ahorizontal dipole at the slab center, most of the radiated
power is carried by the TEg mode, which has arelatively small effective length, Let. The TE;
mode is not excited, sinceits electric field has a node at the dipole location. The TMg mode is
also not excited, as Ex = 0 and E; hasanull at the slab center. For avertical dipole, excitation of
the TMo mode is more effective, especially since no TE modes are generated [18]. The strong
emission inhibition for vertical dipoles at small tgy4, is due to poor outcoupling into the air,
resulting from total internal reflection, and poor field concentration, apparent in the large TMg
effective lengths L Of Fig. 4(b). As aresult, even if high fiber collection efficiencies can be
achieved, this strong suppression of spontaneous emission can lead to low overall photon count
rates at tshe de‘tecto‘r.
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Fig. 4. (a) Effectiveindices of the slab TEg, TE; and TMg modesat A = 1.3um. The HE;
fiber mode effective index is also shown. Inset: field components of TEg, TE; and TMg
slab modes. (b) Effective lengths, Les, for the TEg and TMg slab modes.
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2.2.2. Photoluminescence Collection

Using Eq. (1), the collection efficiency np. was calculated for a range of propagation lengths
afew wavelengths away from the dipole location (1um < z < 5um). The results reveal strong
periodic oscillations as afunction of thisdistance, as shown in theinset of Fig. 5(a). Aswe shall
discuss in the following section, this oscillation is due to the beating of two principa waveg-
uide supermodes with distinct propagation constants, corresponding to the sloshing of power
between fiber and slab, as commonly observed in coupled waveguide systems [15]. Oscilla-
tionsin np. are accompanied by a decrease in its peak value - as we shall see in Section 3, this
decay is due to leaky modes with propagations lengths of several wavelengths. The maximum
and minimum values of np_ within the simulated propagation range were taken to generate
the PL efficiency plots for x-, y- and z-directed dipoles of Fig. 5. Note that the values plotted
in Fig. 5 include collection through both the forward and backward channels of the fiber, an
experimentally viable situation through use of afused fiber coupler (Fig. 2(a)).

Wefirst consider the resultsfor in-plane oriented dipoles (in the x and z directions), which are
of relevance to quantum dot experiments such asin [11]. For x-oriented dipoles, the maximum
collection efficiency ranges from ~ 7 % to ~ 2 % for tgy, varying from 100nm to 260nm,
while the minimum efficiencies remain close to 0.1 % throughout. For z-oriented dipoles, the
efficiency varies below 1 % for all thicknesses. In [11], a single quantum dot inside a 256- nm
GaAs slab was probed, and ameasured collection efficiency of 0.1 % was estimated. Thisvalue
is within the limits predicted by Figs. 5(a) and 5(c), given that the in-plane dipole orientation
was hot known, and the quantum dot was assumed to have unity radiative efficiency. In addition,
the in-plane position of the quantum dot was such that the underlying Alg7Gag 3AS support
pedestal could have had significant influence on the PL collection. We consider its effects in
Section 4.

To further gauge our current results, we use the method of [18] to plot, in Fig. 5, the max-
imum achievable free-space collection efficiency for a dipole embedded in the slab (without
the fiber), using a 0.7 numerical aperture (NA) objective. We see that the maximum achievable
npL for horizontally-oriented dipoles in the fiber-based collection scheme is superior to the
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Fig. 5. Fiber-collected PL coupling efficiency np_ for (a) x-, (b) y- and (c) z- oriented
dipoles at A = 1.3um. Collection through both the forward and backward fiber chan-
nelsis considered (notice changing axis scales). Since np. oscillates with z, its maximum
and minimum along z < 5um are plotted. The inset in (8) shows np_ as function of z
Squares: FDTD results. Circles: Mode-expansion results. Solid lines: Free-space collection
efficiency considering a NA=0.7 objective.
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free-space collection efficiency by as much as an order of magnitude, as indicated in Fig. 5(a).
As is the case with other co-propagating waveguide directional couplers [15], control of the
interaction length is necessary to achieve the most efficient power transfer. Here, to obtain the
highest values of 1p_, one might envision controlling the length of the membrane through stan-
dard planar fabrication techniques. Alternately, the effective fiber-membrane interaction region
can be limited using 'dimpled’ fiber taper waveguides [21]. Given the low propagation losses
in the optical fiber and atypical insertion loss of 10 % through the taper, the present technique
constitutes a competitive option for PL spectroscopy.

For vertically oriented dipoles, the collection efficiency may reach above 35 % at tyq, =
140nm, where the dipole emission is strongly suppressed. For thicker slabs, the suppression is
reduced, but the collection efficiency drops, reaching ~ 3 % for tgg = 250nm. Even this col-
lection efficiency is nonetheless an order of magnitude higher than what may be obtained with
free-space collection with a 0.7-NA objective, plotted in Fig. 5(b). Although self-assembled
guantum dots in semiconductor slabs are typically in-plane oriented dipoles, we note that ma-
nipulation of the quantum dot growth can change its shape sufficiently to produce structures
that support TM-polarized emission [22]. The results presented here would be of significant
interest to such systems.

Whilethe results presented in this section are analyzed in detail in Section 3, we provide here
abrief explanation for the relatively high collection efficiencies found, regarding the fiber-slab
system as a directional coupler. In a directional coupler, power transfer takes place between
waves, in respective waveguides, of similar propagation constants. Although transfer is most
efficient when both waves are perfectly matched, small but significant transfer may still oc-
cur between mismatched modes. As discussed in Section 2.2.1, most of the x-polarized dipole
radiation is carried by TE slab mode waves. A significant portion of these waves, though phase-
mismatched to the fiber mode, transfer small amounts of power to the latter, collectively leading
to relatively high (8 % maximum) collection efficiencies. The substantially higher (40 % maxi-
mum) collection efficiency obtained for y-oriented dipoles results from a more effective power
transfer from TM slab wavesto the fiber mode: phase matching between the fiber and TMg slab
modes is apparent in Fig. 4(a), for slab thicknesses close to 160nm.

3. Analysis

Whilethe FDTD simulations provide estimates of the total spontaneous emission rate and fiber-
coupled collection efficiency, they do not necessarily provide physical understanding of effects
such as the oscillation and decay in PL collection efficiency as a function of separation from
the dipole in the propagation direction, or the insight needed to extend this work to modified
geometries. In this section, we address these issues through FEM simulations that determine the
modal structure of the composite fiber-slab system. This allows us to determine the spontaneous
emission rate, and contribution to the total collected PL, of individual supermodes of the sys-
tem. This approach furthermore allows us to estimate the evolution of the coupling efficiency
for coupling lengths much longer than practical in FDTD simulations.

3.1. Supermodes of the composite waveguide

The composite waveguide of Fig. 1 supports a set of hybrid supermodes of the fundamental,
micron-scale fiber mode and the bound, TEm (Ey = 0) or TMpy, (Hy = 0) slab modes. These su-
permodes are henceforth referred to as hybrid-TE,, or hybrid-TM,,,. The fiber creates aregion
of increased effective refractive index on the slab plane, spanning a discrete set of laterally con-
fined hybrid-TE or hybrid-TM supermodes. A continuum of radiation hybrid-TE or hybrid-TM
supermodes also exists, which represents waves not laterally confined by the increased fiber-
induced effective index. A portion of this radiative supermode spectrum corresponds to optical
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power that, although unconfined, lingers near the fiber for relatively long propagation distances
(tens of wavelengths), and may contribute significantly to the PL collection efficiency. These
wave bundles may be represented by adiscrete set of leaky supermodes, which extend infinitely
in the lateral direction and decay in the propagation direction [13]. The relevant waves for PL
collection within our scheme are thus the guided and leaky hybrid-TE or hybrid-TM super-
modes.

The supermode field distributions of our structure were obtained through the vector eigen-
value problem for the magnetic field H

w(dlr)vm)—(i’)z:o. C)

Here, H =H(r)exp(£z), and £ =i — o, = iwng; /C isacomplex propagation constant with a
phase term 3 and a decay term o, or equivalently a complex effective index ngs. The number
of free-space wavelengths necessary for the supermode amplitude to decay by afactor 0 < 6 <
1isNs = —ntIn(8)/2x, where n ! = Im{ngs} 2. This number is used in our analysis to
roughly determine the probing length (i.e., the length over which the fiber contacts the slab) for
supermode power collection to be most effective. Since the dipole is aligned with the center of
the fiber, the problem is symmetric with respect to the yz plane. An x-oriented dipole thus only
excites hybrid-TE supermodes, for which X x E = 0 on the symmetry plane. Conversely, y- and
z-oriented dipoles only excite hybrid-TM supermodes, for which X x H = 0 on the yz plane.

The isolated slab waveguide supports a TEg and a TMy mode for all slab thicknesses tya,
considered, and a TE; mode for tyz, £ 200nm (Fig. 4), so that the composite waveguide struc-
ture supports hybrid-TE, and hybrid-TMg and hybrid-TE; modes in the same ranges. Field
profiles for the strongest-confinement hybrid-TE, and hybrid-TM supermodes are shown in
Figs. 6(a) and 6(d) of Section 3.5.

3.2. Maodified spontaneous emission rate in the composite waveguide

To describe the spontaneous emission of a single quantum emitter into the composite dielectric
waveguide of Fig. 1 in terms of its supermodes, we begin by making use of [8], where the
spontaneous emission rate of amulti-level atom into the guided and radiative modes of asilica
optical fiber are calculated. These expressions are derived from the Heisenberg equations for
a multilevel atom experiencing a dipole-type interaction with a vacuum field reservoir that is
described in terms of propagating waveguide modes. While [8] focused exclusively on optical
fibers, here we deal with general dielectric waveguides, so that the expressions we use are
modified accordingly from their originals, with the derivation presented in Appendix B.

The waveguide, extending in the z direction, is open, and thus supports afinite set of guided
modes and a continuum of unconfined, radiation modes [13]. Guided modes and radiation
modes are respectively labeled with the indices u and v, and have propagation constants 3,
and 8 at frequency w. For the radiation mode continuum, § may assume any value in the in-
terval |B| < wn/c, where n is the refractive index of the medium surrounding the waveguide.
Evanescent radiation modes are excluded, as they do not participate in the radiation process
[23].

For a two-level atom located in a general dielectric waveguide at a position rg, with atran-
sition of energy hap and dipole moment p, the spontaneous emission rates into guided and
radiative modes are, respectively, T, = 27|Gy (wp)|? and T’y = 27|Gy (ax)|2, where

Gﬂ—\/?g‘:ﬁ pet) @ G- [t el ©
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Here, e, and e, arethe electric fields of the guided and radiative modes, with respective prop-
agation constants B, and . Also, B, = B, /dw and Ny issuch that [13]

//dS(evxh’;,)-Z:Nvé([B—ﬁ’). ©6)
S
Guided and radiative modes are normalized so that
[[ dser)jen? =1 @)
g
/ dSe(r)(ey - € )p_prnr = (0 — @) ®

where Sisthe cross-section of the waveguide and £(r) the spatial permittivity distribution. The
total emissionrateis

F:ZFu+Z/dﬂFv. ©)
u n

According to Eq. (A-8), the power emitted from a classical dipole into a particular mode
depends on the modal electric field concentration at the dipole position (the modal electric
fields are normalized to the power density flux integrated over the waveguide cross-section). We
introduce the effective area Ag = [ €|E|?dS/|E(ro)|? as a measure of the field concentration
at the emitter position. This expression is implicit in the modal rates of Eq. (5), given the
normalization expressions, Egs. (7) and (8). The total spontaneous emission rate, being the
sum of the individual modal rates, deviates considerably from the free-space rate if highly
concentrated modes (i.e., small effective areas) exist at the emitter location.

To avoid calculation of al radiative modes of the composite waveguide, the spontaneous
emission rate I" was obtained through the following rel ationship between the spontaneous emis-
sion rates for an emitter in a homogeneous medium (I'yom.) and into a waveguide (T'wg), and
the total classical dipole radiated powersin bulk (Pyom,) and in awaveguide (Ryg) [13]:

Twe _ Rwe
Thom. RHom.
The validity of thisexpression isdemonstrated in Appendix A (asimilar relation for cavities has

been established in [24]). This equivalence alowed us to use FDTD simulations to determine
total spontaneous emission rates.

(10)

3.3.  Photoluminescence Collection

With the help of Eqg. (10), we may describe the electric and magnetic fields radiated by adipole
located at z= 0 inside the slab in terms of traveling supermodes. At an arbitrary z-plane along
the waveguide direction, e = YM | \/Trn/Temexp(i&mz) andh =M |\ /Tin/Thymexp(iémz),
where e and hy, are the fields of the mrth eigensolution of Eq. (4), with eigenvalue &y, =
Bm+iozm. The factor T'y, is the supermode emission rate from Eq. (5). Applied in Eqg. (2),
thesefieldslead to the following expression for the percentage of the total spontaneous emission
carried by the fiber mode:

an_zzfm p l\/ﬂ\ﬁ%{ hiferin-Gz).
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where B .
\/ﬁ: J/s(es x hy) - 2dS ’ (12)

\/ Re{ [fs(em x hy,) - 2dS} Re{ [fs(es x he) .2ds}
[fs(em > ;) - 2dS

\/ Re{ [fs(em x hy,) - 2dS} Re{ [fs(es x he) .2ds}

; (13)

Vi

and fy = Re{\/ fhy/ f,%}. The factor of 2 is introduced to account for collection from both

fiber ends. While the first sum in Eqg. (11) corresponds to the individual supermode con-
tributions to npi, the latter corresponds to beating of the individual supermode field com-
ponents. These contributions, which may be substantial, are periodic in z, with beat lengths
Lz = 27/(Bm — Bn), where B are the m-th and n-th supermode propagation constants. The
m-th supermode individual contribution to the spontaneous emission collection efficiency is
NeL.m = fm- (I'm/T) = fmym. Theratio ym = I'm/T gives the fraction of spontaneous emission
coupled into the supermode. Reflecting the fact that supermodes in our structure are hybrids of
the fundamental fiber mode and slab TE and TM modes, f, is called the fiber-mode fraction of
the m-th supermaode.

The estimate of np_ m could be improved through a more detailed consideration of the tran-
sition between fiber-slab supermode and fundamenta fiber mode. In the case of an abrupt
transition (e.g., if the membrane is terminated at cleaved facets), modal reflection and trans-
mission coefficients may be obtained through rigorous wave matching at the interface, yielding
the power transferred to the isolated fiber mode [15]. On the other hand, a power transfer in
excess of 90 % is estimated from the Fresnel reflection and transmission coefficients at such
an interface, considering the supermode and fiber effective indices. Transmission levels of this
magnitude were confirmed in FDTD simulations of a truncated slab of thickness 190nm, for
dipoles placed at severa distances from the transition. This suggests that the mode overlap
method used here and in the previoudly presented FDTD results yields reasonable upper-bound
estimates for the achievable collection efficiency.

3.4. Supermode Calculation Method

The eigenvalue equation Eq. (4) was solved with FEM with quadratic vector elements for Hy
and Hy and Lagrange elements for H, [25]. Given the symmetry of the problem, only half of
the geometry was considered, with either anti-symmetric (X x E = 0) or symmetric (X x H = 0)
boundary conditions on the y-axis, which automatically selected either hybrid-TE or hybrid-TM
solutions. Perfectly-matched layers were defined over the outer boundaries to simulate an open
domain, as leaky modes were expected. Perfect electric conductor (A x E=0) boundary condi-
tions surround the PML on the outermost boundaries. The eigenvalue calculation produced a
finite, discrete set of supermode solutions, which were used in Eq. (11) to estimate np_. The
respective emission rates I', were calculated with the guided-mode expression in Eg. (5). In
all our caculations, fifty supermodes were used, which was sufficient to closely reproduce the
FDTD resullts.

3.5. Smulation results

The PL collection efficiencies for x-, y- and z-dipoles cal culated with the supermode expansion
method above are plotted in Fig. 5. The discrepanciesin the y- and z dipole cases relative to the
FDTD resultsarelargely due to an insufficiently fine grid used in the FDTD simulations, where
afull 3D simulationis run. In the FEM simulations, a cross-section of the structure is analyzed
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Fig. 6. Electric field distribution for (8), (b): hybrid-TE, types-1 (slab-like) and I (fiber-
like) supermodes; (d), (€): hybrid-TM, types-| and Il supermodes. Fields are for tya =
100nmand A = 1.3um. (c) and (f): effectiveindicesfor (c) hybrid-TEq and (f) hybrid-TM
supermodes of types | and Il for varying tyap. Fields have been normalized to the totdl field
amplitude maximain each case. Color scales arein arbitrary units.

and hence can be discretized with afiner resolution. As discussed below, the main hybrid-TM
modes, excited by either y- or z-dipoles, are strongly concentrated in the region between fiber
and dab, requiring a very fine grid for high accuracy. To avoid prohibitively long computation
times, a coarser grid was used.

Hybrid TE modes: x-oriented dipoles

Figure 7(a) shows a representative effective index distribution for hybrid-TE supermodes. For
x-oriented dipol e excitation, the two supermodes labeled | and |1 have the largest contribution to
the total collected PL. Types-1 and Il supermodes are mostly concentrated in the slab and fiber
regions respectively, and are thus referred to as slab-like and fiber-like. Representative electric-
field profiles for these main supermodes are shown in Figs. 6(a) and 6(b), while Fig. 6(c) shows
Re{nes } asafunction of tyg, for these modes. The periodic oscillaton of np. with z, observedin
the FDTD simulations, is very well reproduced by the mode expansion calculations, as shown

#110232 - $15.00 USD Received 17 Apr 2009; revised 29 May 2009; accepted 3 Jun 2009; published 9 Jun 2009
(C) 2009 OSA 22 June 2009/ Vol. 17, No. 13/ OPTICS EXPRESS 10554



10 3
3 3 8
E a); T
af Leaky ()] 100F ™ I (C)E
10 E E O.0o L] q
o 1 O 3
o, ESS O-0. K m..
~102f % o 1= i . BumeQugO-O.,
5 o Y I o Qg
‘E 10°L o ° o ] Sagl} Leaky a "
= 1 ¢ [ A B I T S
10 3 L Q
° .
10 e AL L LN B BN i
5 1 1.5 2 25 3 35 100 150 200 250
Re{nEﬁ) tslab(nm)
10’ oo TR eI .
F 00 o o ()] 1 (d)
1 10F "8 55 ]
11 Q. ] .I.............“.”.“."."."""
E 4 “ ;10-2’ 3
10 O 4 O'O--O. .
Fmog I ] 3 o O'O'~o--o--o~-O'-O"O"O"O~-o.. 1
L 10 1I O..
"I-.._..‘. O
(S ‘ it T T - P . . .
100 150 200 250 100 150 200 250

tslab(nm) tslab(nm)

Fig. 7. (a) Effective indices for hybrid-TE supermodes at tyq, = 190nm and A = 1.3um.
The two supermodes with highest modal emission rates are indicated with filled circles
labeled | and I1, corresponding to slab-like and fiber-like modes. Open circlesindicate leaky
modes. (b) Fiber fractionsfor supermodes| and I1. (c) PL collection contributions from the
individual supermodes, for an x-oriented dipole moment. The factor of 2 isto account for
collection from both fiber ends. Black dots are for leaky modes.(d) Modal emission ratios
for supermodes | and 1. Filled squares’empty circles are for type I/11 supermodes.

in the inset of Fig. 5(a). This oscillation is due to the beating of the two main supermodes, and
persists when leaky eigenmodes are excluded from the calculation. The beat length is given by
Lz =2x/(Bi — Bu), where B, are the respective propagation constants.

The supermode power contributions, np. m, are shown in Fig. 7(c). The slab-like supermode
is dominant for tya < 160nm and tya < 240nm, being surpassed by the fiber-like mode at
intermediate thicknesses. In this range, the fiber-like supermode’s significantly larger fiber
fraction (Fig. 7(b)) is enough to compensate for its much lower modal emission ratio o,
(Fig. 7(d)). Individually, leaky supermodes pointed out in Fig. 7(a) add little to the total col-
lected power, however their aggregate influence is non-negligible: excluding leaky modes, the
maximum collected power drops between 40 % and 70 %, a significant portion of the total
collected PL.

Among the leaky modes with np. m above 1 % of the slab-like supermode contribution,
the one with the lowest individual contribution has n;” ! < 156, corresponding to Ns_q g £, 2.6
wavelengths for 90 % amplitude decay. As a result, the highest efficiency collection shown in
Fig. 5(a) will be achieved for coupling lengths of a few microns; the contribution from leaky
modes will begin to drop out as the coupling lengths increase beyond this. The slab- and fiber-
like supermodes have Ns_o g < 427 and Ns_o ¢ < 22, respectively, so that acoupling length of <
30 um continuesto allow collection of PL coupled to both main supermodes. Finaly, collection
that is at least as high as the dab-like supermode’'s contribution in Fig. 7(a) is achievable for
lengths shorter than 550 um. We note that this latter result is still on par with what can be
achieved through free-space collection (Fig. 5(a)).

Hybrid TM modes: y- and z-oriented dipoles

Figure 8(a) shows a representative effective index distribution for hybrid-TM supermodes,
taken at a dab thickness tyg, = 190 nm that is in the middle of the simulation range. For
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Fig. 8. (a) Effective indices for hybrid-TM supermodes at tygp = 190nmand A = 1.3um.
The two supermodes with highest modal emission rates are indicated with filled circles
labeled | and I1. Open circles indicate leaky modes. (b) Fiber fractions for supermodes |
and I1. (c) and (e): PL collection contributions from individual supermodes, for y- and z-
oriented dipole moments respectively (notice changing axis scales). The factor of 2 isto
account for collection from both fiber ends. (d) and (f): Modal emission ratios, for y- and
z-oriented dipole moments of type-l and type-11 supermodes (notice changing axis scales).
Filled squares/empty circles are for type I/I1 supermodes; black dots are for leaky modes.

both y- and z- dipole excitation, two supermodes, labeled | and |1, have the largest contribu-
tion to the total collected PL. Representative electric-field profiles and Re{nest } for these main
supermodes are shown in Figs. 6(d), 6(e) and 6(f). The type-l supermode is well confined,
having the lowest Im{ng;}, typically an order of magnitude lower than its type-l counterpart
and al additional leaky modes. Leaky supermodes, pointed out in Fig. 8(a), provide a very
small contribution to the collected PL, typically at |east two orders of magnitude lower than the
supermode with the largest contribution to np_. The type-1 supermode is mostly concentrated
in the fiber for small tya, and in the slab at larger thicknesses, as apparent in its fiber frac-
tion plotted in Fig. 8(b). The type-1l supermode resides mostly in the fiber region for all slab
thicknesses, although its fiber-fraction increases with tg 4.

The individual supermode contributions np. m to the total PL collection for a y-dipole are
plotted in Fig. 8(c). The type-l supermode contribution dominates at all thicknesses, while
most leaky mode contributions range below 103. Its modal emission ratio is maximized for
tyan < 200 nm (Fig. 8(d)), for which astrong emission inhibition is observed (Fig. 3(a)). In this
regime, Y, isashigh as 15 % of the total emission rate (30 % for emission in both £z directions
). The decreased type-I contribution at larger tyay is due to areduction of both its fiber-fraction
fo; and modal emission rate yp,, as shown in Figs. 8(b) and 8(d), respectively. Along with its
increased fiber fraction fo ), thisresultsin the type-11 supermode power approaching that of the
type-l1 supermode, in spite of its significantly reduced 1o ;.

In comparison, the low np_ obtained for z-polarized dipoles (Fig. 5(c)) is a consequence
of the small mode emission rates (Figs. 8(e) and 8(f)). In both hybrid-TM and hybrid-TE
modes, the z-electric field supermode components are dwarfed by the dominant, x- or y-field
components, resulting in small effective areas for z-directed dipole moments. We note that the
relatively poor coupling of z-dipoles can prove polarization sensitivity which can, for example,
be used to determine the in-plane polarization of an embedded semiconductor quantum dot.
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Aswas the case for the x-dipole, np. oscillates as a function of z, with a period that is dom-
inated by the beating of these two main supermodes. In addition, np_ decreases as a function
of z, due to the decay of the various supermodes. However, this decay is significantly slower
than that found in the x-dipole case, as leaky modes play a far less prominent role in PL col-
lection here. Over al dlab thicknesses, n,” ! %, 1440 for type-11 supermodes, corresponding to
Ns—0.9 < 24 free-space wavelengths for a 10 % amplitude decay. A coupling length shorter
than 31 um thus allows for collection efficiencies at levels close to those plotted in Figs. 5 (b)
and 5(c). For the type-l supermode, Ns_q g % 554, so that a collection level at least as high
this supermode’s individual contributions (Figs. 8(c) and 8(e)) may be achieved over coupling
lengths of several hundreds of microns.

4. Discussion

The results of Section 3 indicate that laterally bound or quasi-bound hybrid supermodes play
an essential role in luminescence collection in the single-emitter probing technique described
in thiswork (and schematically summarized in Fig. 1). The overall PL collection efficiency de-
pends on four interdependent parameters for each supermode: total (") and modal (I'y,) spon-
taneous radiation rates, fiber-mode fraction (fm), and the supermode decay rate (o m). High
fiber-mode fractions may be achieved by phase-matching the fiber and slab modes, however, a
power shift toward the fiber can result in a reduced field concentration at the dipole position,
and therefore smaller modal emission rates. A compromise between ', and fr, determines the
optimal collection efficiency. The decay rate o m determines the length over which supermode
collection is most efficient.

A first method to obtain a substantially enhanced collection efficiency is through a smaller
diameter fiber. In Fig. 9(a), the maximum and minimum np. for an x-oriented dipole are plotted
against slab thickness, for a 300 nm radius fiber (the same procedure which produced Fig. 5
was used, and the 500 nm radius results are re-plotted here). The maximum PL collectionisin
average 2.5 times that for a 500 nm fiber, while the minimum efficiencies are increased in av-
erage by one order of magnitude, and vary between 2 % and 4 %. The collection enhancement
isdueto theincreased slab-like and leaky supermode PL contributions (Fig. 9(b)), which result
from increased fiber fractions (Fig. 9(c)) that are enough to compensate for asmall decreasein
the modal spontaneous emission rates. I n addition, leaky modes play amore important role than
in the R=500nm case, especially for tya < 180nm. Among the leaky supermodes with np. m
above 1 % of the dlab-like supermode’s, the one with the lowest individual contribution has
n 1 < 167, or Ns_gg £ 3 wavelengths for 10 % amplitude decay. As such, the maximum col-
lection efficiencies in Fig. 9(b) will occur for coupling lengths that are within several microns.
The slab-like supermode has Ns_q g < 382, so collection at least as high as its contribution in
Fig. 9(b) is achievable over lengths shorter than ~ 500 um.

Our calculations also show good prospects for probing InAs quantum dots in non-suspended
slab configurations, where a Alg.7Gag 3As (refractive index ~ 3.0 at A = 1.3um) substrate is
present underneath the GaAs host layer. For aslab thickness of 250 nm, we find, similarly to the
suspended membrane case, aslab-like supermode, several slab-concentrated |eaky supermodes,
and a fiber-like supermode, which in total yield a maximum collection efficiency of ~ 1.6 %.
The reduced collection with respect to the GaAs membrane case is primarily due to areduction
in the supermode effective areas, as fields extend over longer lengths inside the substrate. In
addition, the supermode decay |lengths significantly change. The fiber-like supermode, which
provides the largest contribution to PL collection, drops to 90 % of its origina amplitude in
approximately 2 um. Probing lengths of afew microns are thus required for highly efficient PL
collection. The slab-like and first slab-concentrated leaky supermodes have Ns_q 9 =~ 254 and
Ns—o.9 =~ 24, respectively. For coupling lengths aslong as ~ 31 um, the collection efficiency is
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Fig. 9. (8) Total PL collection efficiencies (maximum and minimum values) for 300 nm
and 500 nm radius fibers and an x-oriented dipole moment at A = 1.3um. (b) PL collection
contributions from the individual supermodes of the 300 nm radius fiber. The factor of 2is
to account for collection from both fiber ends. Filled squares/empty circles are for type I/11
supermodes; black dots are for leaky modes. (c) Fiber fractions for type-1 (filled squares)
and type-11 (empty circles) supermodes of the 300-nm radius fiber.

at least 0.13 %, the contribution of these two supermodes alone.

While the above cases and those studied in the rest of this paper largely involve a tradeoff
between 'y, and fry, Situations exist in which spontaneous emission enhancement and high np
can be reached through small effective area, high fiber-mode fraction supermodes. For example,
this possibility arises for the hybrid-TM modes if a y-oriented dipole is placed between the
fiber and slab. At tyap &~ 165nm, strong hybridization results in y-polarized supermodes with
high confinement in the air gap, similar to the slot waveguide modes introduced in [26]. The
spontaneous emission rate into this supermode alone reaches ~ 1.7 times the homogeneous
free-space rate, and the phase-matching between fiber and slab leads to a fiber-mode fraction
close to 50 %. This indicates promising possibilities for fluorescence collection from dipoles
located near the slab surface. Further investigation on single emitter spectroscopy applications
utilizing this configuration is under way [27].

For the case of x-oriented dipoles, the collection efficiency may be effectively enhanced
through stronger lateral confinement. In the hybrid-TE mode case of Section 3, PL collection
efficiency is limited by the small fiber-mode fraction for the slab-like supermode and the even
smaller fiber-mode fraction (and smaller spontaneous emission rates) for the slab-guided, leaky
supermodes. To address these limitations, the slab may be converted into a suspended chan-
nel waveguide, which has been fabricated in a number of material systems, including recent
experiments involving semiconductor quantum dots [28]. This structure provides guided su-
permodes with strong field confinement in the channel, so that the supermodes carry most of
the emitted power, and may be designed to have high fiber-mode fractions, by phase-matching
fiber and channel modes. As an example, for a channel thickness tehanng = 256 nm and width
Wehanng = 250nm, two bound modes exist and carry ~ 80 % of the total radiated power by
an x-oriented dipole at the channel center. A total PL collection efficiency in excess of 70 %
results. A detailed analysis of this system has been prepared [29].

Finally, we consider the potential for resonant fluorescence measurements within our fiber-
based probing scheme. Asmentioned previously, resonant spectroscopy offers many advantages
in comparison to non-resonant PL measurements, most notably improved spectral resolution,
avoidance of generation of decoherence-inducing excess carriers and well-defined state prepa-
ration [1, 2, 3, 4, 7, 12]. One of the main challenges in performing this type of spectroscopy
is effectively isolating the residual or scattered resonant excitation beam from the resonance
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fluorescence signal, as they occur at identical wavelengths (such separation is easily accom-
plished in non-resonant PL through a grating spectrometer or spectral filter). Recently, free-
space optics collection of resonance fluorescence from a quantum dot inside a planar cavity
was demonstrated [12]. In this work, separation of the fluorescence signal from the excitation
beam was accomplished through an orthogonal excitation-collection scheme, where the sample
was excited in-plane through a cleaved optical fiber, while the vertically emitted fluorescence
was collected with a microscope objective.

Through the setup of Fig. 2(a), isolation of a resonant fluorescence signal can be achieved
in asimilar way. In a resonance fluorescence experiment, the pump signal (indicated in green
in the figure) is tuned to the emitter transition. Illuminated by the resonant pump, the emitter
radiates in both forward and backward directions of the fiber waveguide. The backward signal
is routed to an external detector via a directional coupler, illustrated in Fig. 2(a), and is well-
isolated from the pump signal (afiber optic circulator could alternatively be used). Given the
high fiber-collection efficiencies predicted in Fig. 5 (the collection in the backward channel
will be 0.5np), this configuration may provide substantially superior signal-to-noise ratios in
comparison to schemesthat rely on free-space fluorescence collection. Alternately, we note that
one might envision exciting the sample with a resonant free-space beam normal to the sample,
while collecting the fluorescence through both the forward and backward channels of the fiber.
This would create an orthogonal excitation-collection scheme similar to that of [12], with an
overall efficiency given by np_ as plotted in Fig. 5. Such a configuration may be preferable in
situations where reflections in the fiber path between source and emitter can not be avoided.

5. Summary and Conclusions

A technique based on the use of an optical fiber taper waveguide for collecting emission from
single emitters embedded in thin dielectric membranes was analyzed with numerical simula-
tions. The probing configuration was modeled as a composite waveguide formed by a micron-
scalesilicafiber on top of adielectric slab. Finite-difference time-domain simulations were used
to estimate the efficiency with which emission from in-plane and vertically-oriented dipoles can
be collected into the fundamental mode of the fiber. For in-plane dipoles, collection efficiencies
superior to those achievable with a high numerical aperture objective are predicted, by as much
as an order of magnitude. A maximum collection efficiency of ~ 7% may be obtained, with
insignificant radiation suppression due to the slab. For vertically oriented dipoles, collection
efficiency superior to free-space collection by at least an order of magnitude is predicted. A
maximum collection above 35 % is obtained, albeit with strong slab-induced radiation suppres-
sion (Purcell factor of < 0.05). It is important to note that the presence of the fiber does not
significantly affect the radiative rate of the slab-embedded dipole, so the suppression equally
affects free-space collection.

Finite element simulations were used to understand the FDTD results through contributions
from guided and leaky supermodes of the composite waveguide formed by the fiber and slab.
Our analysis determined the essential role of laterally bound or quasi-bound hybrid supermodes
in luminescence collection, as well as the relevant parameters for increased efficiency: total (I')
and modal (I'y,,) spontaneous radiation rates, fiber-mode fraction ( fry,), and the supermode decay
rate (ozm). In short, the ratio I',/T" (or, the supermode f-factor) and f, must be maximized,
while o m must be minimized for higher collection levels. Potential methods to further increase
the collection efficiency, based on supermode analysis, have been introduced. Furthermore,
probing of single quantum dots in unprocessed (non-undercut) samples is predicted to yield
collection levels on the same order as obtained with free-space collection. Finaly, we have
described how the probing method is amenable to both non-resonant photoluminescence and
resonant fluorescence measurements.
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In addition to efficient collection, optical fiber taper waveguides offer a number of benefits
in the study of single solid-state emitters. These devices have standard single mode fiber input
and output regions, and are therefore easily integrated with the technology of low-loss fiber
optics. As discussed elsewhere [7], low-temperature measurement setups incorporating fiber
taper waveguides and other fiber optic components have been used in cavity QED experiments
in which precise knowledge of optical losses and power levels are arequirement. Furthermore,
we note that as a movable probe, fiber taper waveguides have been used to interrogate two-
dimensiona arrays of devices on a chip [21]. The results of this article indicate that these ad-
vantageous features, previously demonstrated within the context of microcavity spectroscopy,
can be utilized in direct single emitter spectroscopy.

Appendix A - Classical point dipoleradiation in the presence of a waveguide

In this section, we demonstrate the validity of Eq. (10), which states that the ratio of the spon-
taneous emission rate in bulk to that in a waveguide is equal to the ratio of the total classi-
cal dipole radiated power in bulk to that in a waveguide. We consider a point dipole source
J(r,t) = —iopd(r)e ' radiating in the presence of an arbitrary, losdess dielectric waveg-
uide extending along the z direction. The electromagnetic field may be expanded in terms of
the bound and radiative modes of the waveguides as [13]:

(5 )-Shaose or {3 )

i J

dB |aj(z B)e€P?+a j(z,B)e 'P? { ¢(B) } A-1
;/ﬂ[mﬁ> @]y ) (A1)
with amplitude coefficients
0 forz=0 g 0 forzz0 Ao
ati(2) = and a1{(z,B) =1 . appe ) -
+j(2) inZjEJ for =0 +(zB) wizj?é?) forz=0 (A-2)
The modes are such that the following orthogonality relations are valid:
// (e x hi)-2| = N; 8, (A-3)
s
[ Tei(B) x1i(B] 2| = Ni(B) 6(B — B8 (A4
s

The total power flowing through the waveguide at a position z > 0 is obtained by integrating
1/2(E x H*) - z over the cross-section:

PP [1B-el . [ lPei(B)? _
=73 ;{ N M@)}ro A9

We next normalize the guided and radiative modefields asin Egs. (7) and (8). The guided mode
propagation constants 3; may be expressed as [13]

[ dse(r) (e xhy) -2
S
édes(r)|ej|2

B, — woito - //dSe(r) (e xh?) -2 (A-6)
S
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Considering the waveguide material to be non-dispersive, the modal group velocity may be
written as[13]

(9B (C Ny _
Vg.,l_<da)i)) _Cﬂj<a)0) fdeg(r)(Jerh]_k>.2' (A-7)
S

Using Egs. (A-7) and (A-6) and Eq. (A-8), the power through the waveguide cross-section,
normalized to the homogeneous dipole power, Eq. (3) becomes:

6B o 6re [peej(B)
sz—;{ g Pl +./dﬁ - (A-8)

poneg  Nj(B)

The same expression is obtained by normalizing the spontaneous emission rate I'" in Eq. (B-10)
by the spontaneous emission rate of a dipole in a homogeneous dielectric medium, given by:

@5 |deg|*n
3ﬂﬁ£oC3 '

To verify Eq. (10), we used FDTD to simulate a point dipole radiating at A = 1.56 um near
an optical fiber of index n = 1.45 and radius a = 500nm, surrounded by air. The radiated power
ratio Ryc/PHom. 1S compared to the spontaneous emission rate ratio I'wg/T'Hom., calculated
with the semi-analytical expressions of [8]. Figures 10(a) and 10(b) show the two ratios for
radially and longitudinally oriented dipoles at position r along the radial direction.

The relation between the classical guided fiber mode power Py/Ryg and spontaneous emis-
sionrateI'y /Ty ratios was also verified. The steady-state fields recorded at one of the waveg-
uide edges were used in the overlap integral of Eq. (2), together with the fundamental fiber
mode fields, to yield Py. Figure 10(c) compares the ratios for the radially-oriented dipole as a
function of its position r in the radia direction.

Thom. = (A'9)

A Rl Pom, (@) (b) AR Piom (© A B /Po
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Fig. 10. (a) Emitted power and modal spontaneous emission rate at A = 1.56 um, normal-
ized to the corresponding quantities in a homogeneous medium, for a (a) radialy and (b)
longitudinally oriented dipole at position r in the fiber described in the text. (c) Emitted
guided mode power, Py, and spontaneous emission rate, I'y, normalized to the total emitted
power and emission rates, at A = 1.56 um for aradially oriented dipole at position r in the
fiber described in the text.
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Appendix B - Heisenber g equations

To describe the spontaneous emission of atwo-level emitter in the vicinity of adielectric waveg-
uide, we obtain the Heisenberg equations for the emitter interacting with a vacuum field reser-
vair that is described in terms of the guided and radiative waveguide modes propagating in the
z-direction.

Through the quantization procedure of [30], the positive-frequency electric field operators

are defined asE(*) = E%i)ded + Egd%alive’ where

oo /hof), i
+) / NoPy —i(ot—fBu2)
E. W q=I dw a,e,e u B-1
guided % 0 Areg TSl ( )
LD :iZ/wdw/dﬁ o ee i@ (B-2)
radiative ~ Jo 4an A%

Here, asin Section 3, u = (f,m, ) labels a guided mode of order m traveling in the direction
f.z f = =1, with propagation constant 3, and inverse group velocity [3[1 = % = vgl. ey
is the mode field profile and a, is the corresponding photon annihilation operator. In (B-2),
v = (n,B, ) labels a radiative mode of order n and propagation constant 3, with e, the cor-
responding field profile and a, the photon annihilation operator. The B-integral limits are such
that evanescent radiation modes are excluded (e.g., | 3| < w/c if the waveguide is embedded in

air) [23]. Also, N, is such that

/ dS(e, x h%) - 2=Ny3(B — B'). (B-3)

S

The guided and radiative field profiles are normalized as in Section 3, such that [a,,a,/| =
S(w— )65 6y and [ay,a,/] = 6(0 — @) (B — B') Sy

Next, consider a two-level atom (emitter) in the dipole approximation, interacting with a
photon reservoir. The atom has a dipole moment dey for the transition with energy hag between
the ground |g) and excited |e) states. We define the atomic transition operators o = |g) (€|,
o, =|e)(g|, oz =|e){e| — |g)(g|, such that the atomic Hamiltonian isHa = hawpo,/2. The total
Hamiltonian for the interacting atom and reservoir is

H =Ha+Hr+H;. (B-4)

The interaction Hamiltonian for electric dipole coupling is given by Hj, = —deg - E, which, in
the rotating-wave approximation, may be written as[8]:

HIR = |ﬁ{2/0 dw [GZ&LG,ei(w_wO)t — G“o'Jra“e_i(w—ﬂ)O)t} }
f.m

+iﬁ{2 /0 " do / 4B [Gralo_do o — 6,0 a,e 0 eut] } s
n

with

| 0B, o
Gy = prost (deg-ex) and Gy =, /m(deg ey). (B-6)
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The formal solutions of the field operators are [31]:
t _ ,
a‘u7v - auv(to) + GZ.V/ dtl Gfel<w7w0)t . (B'?)
to

Under the Markoff approximations o_(t — 7) — o_(t) and G, v (w) ~ G, v (), thefollowing
Heisenberg equations for the atomic operators may be obtained:

% = —iwp6_ — 26, +0; (fz v/ TuGu,in(t) +Z/‘dﬁ Jﬁrv_in(t)> , (B-8)

% = —T(1+0y)—26 (fzmgu,in(t)JrZﬁrv,m(t))

— 25 (Zw/ru*gz7in(t)+2/dﬁ rv*r;m(t)>, (B-9)
f.m n
with o_ = 6_e !,
r— (ZF#JFZ/dﬁrv) , (B-10)
f,m n
VT =V2rG,(wp) and /T, =V21G, (o). (B-11)
To arrive at these results, the following input field operators have been defined [30]:
Gy int) }: 1 / " { 8 to) } -io(t-to) B-12
{ rv.in(t) V21 J—e Y\ a) f° (B-12)

Here, ay,v (to) = &y,v (to)€ 0.
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